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INTRODUCTION

The concept of isospin was introduced in 1932 by
Heisenberg*, who used the formalism of Pauli spin ma
trices to distinguish mathematically between neutrons and
protons.

For his calculations, the neutron and proton

were considered two alternative states of the same par
ticle which we now call the nucleon.

The name "isotopic
2
spin" (now isospin) was suggested by Signer in 1937*
In this same paper Wigner emphasized the importance of
charge independence and pointed out the usefulness of the
isospin quantum number for the purpose of labelling nu
clear states.

The existence of a conservation law for

isospin in a nuclear reaction was first postulated by
3
Oppenheimer and Serber in 1938 and was rediscovered by
4
Adair in 1952, Since the work of Adair, isospin has
been studied vigorously both experimentally and theore
tically.
Conservation of isospin requires equality for the
proton and neutron reduced widths of states in self
conjugate nuclei. An indication of isospin mixing in
14
5
N was obtained by Shire and Edge who studied the mir
ror reactions *^B(o(,p0 )*^C and *°B(of,n0 )*^N and found
that the neutron reduced width for the 12.69-MeV state
was about 5*7 times as large as the proton reduced width,
1
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More recent measurements of these same reactions have
6
7
been reported.
Calculations by Barker and Mann show
that even small amounts of isospin mixing can lead to
large differences in the reduced widths for neutron and
proton emission in mirror reactions.
The best known example of isospin mixing is that of
the doublet states (16.63 and 16.93 MeV) of ®3e.^’^’*°
These states are J

1T

T = 1 components.

=2

+

and include both 1 = 0 and

Most of the information concerning

this case has been obtained from reaction studies
in which these levels occur in the final state.

11 12 13

'

’

Direct

observation of the neutron and proton is not possible
since these levels are stable with respect to their decay
process, i.e., the threshold energies of neutron and pro
ton decay are higher than these levels.
We are interested here in neutron and proton emis
sion from the self-conjugate nucleus, ^ 0, at excitation
energies near 18 MeV.

Differential cross section mea

surements have been made for the mirror reactions
12

n

C(cf,n0 )

and

12

C(o(,p0)

N over a large angular range

in the energy range from 13 to 16 MeV. Previous inves16
12 ,
.15
tigations of
0 by studying the
C(o(,n0 ) 0 reacl^t 15
tion ’
in the energy range of interest were limited
to measurements of the total cross section by the observation of

15

0 positron activity.

measurements

^

The previous

12

C(oi,pQ )

made with good energy resolution
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were limited to scattering angles larger than 90°,
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THEORETICAL CONSIDERATIONS

Cross Section For A Nuclear Reaction
When a target nucleus is bombarded with an incident
particle, a long-lived system which consists of the tar
get nucleus and the incident particle may be formed.
This system is called the compound nucleus.

States of

the compound nucleus formed by an incident particle "a"
and a target nucleus "X" may be studied by measuring the
cross section for the reaction X(a,b)Y as a function of
the energy of the incident particle.

Here "b" is the

particle emitted from the reaction and "Y" is the resi
dual nucleus.

The cross section data will exhibit ano

malies, or "resonances", at energies which correspond to
states of the compound nucleus.

The width in energy of

each resonance is related to the mean life of the corre
sponding state of the compound nucleus by the Heisenberg
uncertainty relation.
The theoretical expression for the cross section of
a reaction X(a,b)Y has a particularly simple form if a
resonance is narrow and isolated.

For this case the

cross section in the vicinity of a resonance is given by
17
the well-known Breit-Wigner formula:
Tf

( 2J +

^
ra Fb_______
rb

(i)
k2 (2j+1) (2j '+1) U - E r )2 + (f/2)2
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where
0^ ( 2 ) = reaction cross section summed over ^"iT
steradians,
ka = wave number of the incident particle in the
c.m. system,
J = angular momentum of the state of the compound
nucleus,
.1 = spin angular momentum of the incident particle,
.1* = spin angular momentum of the target nucleus,
b = partial widths for the emission particles
a and b, respectively,
F = total width,
= energy of the resonance.
The total width V = X Ps, where P is the partial
s
width for decay by the emission of particle s. Each
partial width Fs can be decomposed into components Pg^
according to the orbital angular momentum of the decay
process, i.e., Ps
momentum quantum number.

Here 1 is the orbital angular
Finally, each 1 component of

the partial width may be written
rsi ■ 2 ^

*£

where
P

= the penetrability for 'the orbital quantum
number 1,

,2

= reduced width of the particle s for the orbi
tal quantum number 1.
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The

are obtained from the regular and irregular solu

tions of the wave equation with the Coulomb potential and
io
i2
can be found in the literature.
The reduced width # .
si
is an energy independent parameter which, along with the
resonance energy, Er , and the angular momentum of the
state J, characterizes the compound nucleus state of
interest.
The penetrabilities for neutron emission and for pro
ton emission are listed in Table I for two states of par
ticular interest here, the 17.63-MeV and 18.10- MeV states
of *^0.

These penetrabilities were determined using the
18
graphs and tables published by Marion and Young.
The theoretical expression for the differential
cross section of a reaction is considerably more com19
plicated than equation (1).
Additional complications
arise if the resonance is not narrow.

Nevertheless, at

certain angles the energy dependence of the differential
cross section for a reaction may have a form very similar
to equation (1). 17
Isospin
The course of a nuclear reaction depends on a num
ber of conservation laws.

Physical quantities which are

conserved in a nuclear reaction include charge, mass num
ber, angular momentum, parity, and energy.

In addition,

it is convergent to consider the conservation of a phy-
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7

PENETRA3ILITIES
FOR PROTON AND NEUTRON EMISSION

n

0 2
« 2
;/A^ (proton) r/A^ (neutron)

E*.=_ 14.0 MeV
0

1.9

1.3

1

1.3

1.0

2

0.9

0.30

3

0,20

0.04

4

0.037

0.002

0

2.0

1.5

1

1.4

1.1

2

0.93

0.45

3

0.233

0.07

4

0.052

0.0043

Eot = 14.6 MeV

Table I

R eproduced with permission of the copyright owner. Further reproduction prohibited without permission.

8

sical quantity, called isobaric spin (or isospin), which
is a consequence of the hypothesis of the charge indepen
dent of nuclear forces.

According to this hypothesis,

the nuclear interactions are equal between two neutrons,
20
two protons, and a neutron and a proton.
Signer was
the first to point out that if the Coulomb interaction
between protons can be neglected, then a new quantum num
ber, now called the total isospin quantum number, can be
2
associated with nuclear states.
In terms of the isospin formalism, the neutron and
the proton are considered to be two different states of
the same particle, called the nucleon.

The mathematical

apparatus of isospin theory is identical to that used for
spin angular momentum for a particle of intrinsic spin
s = £.

Thus the neutron and proton are formally identi

fied as two states of the same particle, the nucleon,
which has a total isospin, t, of £.

The neutron is de

fined as the "spin-up" state, i.e., tz = +£, and the pro
ton is defined as the "spin-down" state, i.e., t
The quantum number t

z

= -£.

is called the isospin projection.

The total isospin projection of a system of particles is
given by T_ = i(N-Z), where N and Z are the number of
neutrons and protons of the system, respectively.

The

isospin formalism for a system of particles can be illus
trated effectively by considering the two nucleon system.

21

This system has one bound state, the deuteron,
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which has a spin (angular momentum) of 1 and three un
bound states nearby in energy, each with a spin (angular
momentum) of 0.

These three unbound states are the neu-

tron-neutron (n-n) system, the proton-proton (p-p) sys
tem, and the neutron-proton (n-p) system, respectively.
The last mentioned state is the singlet state of the deuteron.

The isospin projections, Tz, for the n-n, n-p and

p-p systems are +1, 0 and -1, respectively.

The three

unbound systems (n-n, n-p, p-p) are considered the three
members of a T - 1 multiplet.

The one bound system, the

ground state of the deuteron, can be described as the
sole member of a T = 0 singlet.

Thus the ground state of

the deuteron can be assigned the isospin quantum numbers
(T,TZ) = (0,0), and the unbound excited state of the deu
teron, the quantum numbers (T,TZ ) = (1,0).
The total wave function of two nucleons may be fac
tored into the product of a function of space and spin
and a function of isospin.
¥(T,T z ) for two nucleons are

The isospin eigenfunctions
21

(2 )

*(i,o) = i / V 7 ( % i ) ^ ( - i > +

*>&(-*))

(3)
(4)
(5 )
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where
'f'(f) = Pauli spin eigenfunction for spin up,
t( -£) = Pauli spin eigenfunction for spin down.
Thus the similarity in formalism between ordinary
spin an isospin is obvious.
Isospin Mixing
Unlike the case for such quantities as angular mo
mentum and energy, isospin is not expected to be strict
ly conserved during a nuclear reaction,

A rigorous con

servation of isospin would require that the n-n, n-p and
p-p forces be identical.

Clearly the p-p force is dif

ferent because of the presence of the Coulomb interac
tion,

Thus, nuclear states which have no definite value

of T may exist.

These "mixed" states consist of a com

bination of states which have different T values.

In a

nuclear reaction, this mixing of states may occur in the
initial state, the compound nuclear state, and or the
3

final state.
Of particular interest here is the isospin mixing
which occurs in the compound nucleus.

The best known

example of strong isospin mixing in the compound nucleus
g
is the pair of states of 3e at 16.63 MeV and 16.93 MeV
which are discussed in Chapter I,
Barker and Mann have pointed out that mixing in the
compound nucleus has a particularly strong effect on the

R eproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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ratio of neutron reduced width to the proton reduced
width for the decay of a self-conjugate nucleus.

This

ratio can be determined in the following way.
The isospin wave function for a state of the com
pound nucleus may be described in terms of a core coupled
to a single nucleon.

Let ^(T,TZ) represent the core

state with quantum numbers o(, T and Tz, and (/^(t2) repre
sent the nucleon with quantum numbers (S and tz.

The wave

function of the (ot,p) configuration for (T,TZ) = (1,0)
will be (see Equation (3) and (5))

4^(i,o) = l/JztUi.-i )fy(i> +

(6)

And the wave function of the same configuration for
(T,TZ ) = (0,0) will be

f^pto.o) ■= i/j2 tf„(i.-i)jf'p(i) -

(?)

The wave function for the self-conjugate nucleus in
a state of energy E = \ may contain both T = 0 and T = 1
components and is given by

where a ^ and b ^ are constants.
If there is one dominant configuration for each com
ponent and the neutron and proton single particle width
for this configuration are assumed to be equal, this ra2?
tio is given by
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Or, if there are many configurations which contribute and
the neutron and proton single particle widths for all
these configurations are assumed to be equal, then
2
2

(1 0 )

where
and

It should be noted that this ratio depends on the
2
2
sum and difference of A and 3, and not of A and 3 .
Thus, a small amount of isospin mixing can cause a large
difference in the neutron and proton emission from that
state.
It can be shown that the technique of observing neu
tron and proton emission from a self-conjugate nucleus is
a particularly sensitive method for identifying an iso
spin doublet, that is, two strongly mixed states which
arise from the mixing of two nearly degenerate states
with the same spin and parity but different value of T.
The wave functions for two degenerate states, one with

R eproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(T,T_) = (1,0) and the other with (T,T ) = (0,0), can be
z
z
written as:

1 »0 )

c| ^ ao{^

(11^

SPA(0f0) =

i^p(°»0)»

(12^

From perturbation theory we have

A^

=A + A ,

(13)

A2

= A -A,

(14)

A

= < ^ ( 0 , 0 ) | V \ f A (l,0)>.

(15)

where V is the perturbing potential, e.g.,
potential.

the Coulomb

The perturbed wave functionswhich

correspond

to the two seperated energies A^ and X^ are

/ ^ 1 ,0 )+

£ Aj = 1 4 2

!Pa(0,0)J,

1//2[^(1,0) - «PA(0f0)3,

(16 )
(17)

where A 1 > X^ if A > 0.
Substituting equations (6), (7), (11) and (12) into
(16) and (17) we have

= *

+ *V(»
'

+

(18)
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. £ <<4 - 4
+

<

4

)&*•-*>£<*>

(19 )

+

Both of the two perturbed states include terms in
volving neutron wave functions and proton wave functions.
If the constants a ^ and b ^ are both positive, one can
see that the state with higher energy, A^, has construc
tive interference for the neutron functions and destruc
tive interference for the proton functions.

Thus for

this state, neutron emission may be enhanced and proton
emission may be suppressed.

For the state with lower en

ergy, A 2 » ^he converse is true.
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EXPERIMENTAL METHOD
The ^C(<*,n)^0 Reaction
A beam of 13 to 16 MeV alpha particles was obtained
from the Western Michigan University Model EN Tandem Van
de Graaff accelerator.

The beam was energetically ana

lyzed by a Varian Model 1058 90° analyzing magnet.

The

analyzing magnet was calibrated by determining the thresh
old of the Al(p,n) reaction.

The beam was collimated by

a 3/l6-inch diameter tantalum collimator and stopped by
a 0.01-inch thick tantalum foil.
The natural carbon targets used in the experiment
21

were prepared at The University of Texas by Terrell. J
Each carbon foil was mounted on a tantalum backing which
also served as the beam stop.

One target, of thickness

460/<g/cm , was used to determine angular distributions
in the vicinity of 14.5 MeV alpha-particle energy.

Ano-

ther target, of thickness 2l8/*g/cm , was used for exci
tation functions over the energy range 13 to 16.5 MeV at
laboratory angles of 42° and 145°.

The energy loss to

the center of the thick target at 14.5 MeV was aproximately 40 keV for the thinner target and 80 keV for the
thicker target.

The number of the incident particles was

determined by integrating the beam current with a Brookhaven Model 1000 current integrator.

The beam current

15
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16
ranged from about 0.03 to 0.1 microampere.
The neutrons were detected by a shielded long
c o u n t e r . T h e distance from the target to the front of
the long counter was 12 inches.

At this distance the

effective half-angle subtended by the detector was 16°.
Pulses from the long counter were amplified by a Tennelec
Model 100c preamplifier and by an Ortec Model 485 ampli
fier and recorded by an Ortec Model 484 scaler.

In order

to ascertain the effect of the finite angular resolution,
measurements at a number of energies between 14 and 15
MeV were repeated with the angular spread reduced by a
factor of two.

These measurements with higher angular

resolution were made at angles where the angular distri
bution had a maximum, a minimum or a relatively steep
slope.

The two sets of data agreed within the statistical

errors.

All data were obtained as excitation functions

at the laboratory angles 0°, 15°. 30°. ^2°, 57°. 72°,
84°, 107°, 120°, 135° and 148°.
Background measurements were performed to determine
the number of counts from the collimating system and beamstop and from the
get.

13
•'C present in the natural carbon tar

Measurements made using a shadow cone indicated

that the number of room-scattered neutrons was negligible.
13
The number of neutrons due to the
C was determined with
13
a carbon target enriched to 42 percent in
C. This
background changed slowly with energy and angle and
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ranged between 10 and 30 percent.

The background from

the beam stop and collimator was measured by removing the
carbon target.

The tantalum backing was left in exactly

the same position as during data taking.

This background

for the thinner target was usually less than 10 percent
over the energy range of interest.
The absolute efficiency of the counter was deter
mined with the aid of a Pu-Be neutron source.
ciency was found to be about 0.^5 percent.

The effi

A small cor

rection was made for the variation of neutron efficiency
as a function of neutron energy. This correction fac25
tor
ranged between 1.05 and 0.95*
For the angular distribution data at a laboratory
angle of 1^8° some of the neutrons were scattered by the
flanges of the target support.

This effect was about 10

percent.
The 12C(<*,p)150 Reaction
The proton measurements were performed by scattering
alpha particles from a self-supporting natural carbon
target placed inside an Ortec Series 600 scattering cham
ber. The target used for these measurements was 218
. 2
pg/cm thick and was taken from the same carbon foil used
for the thin-target neutron measurements. This target
o
was oriented at an angle of 30 to the incident particle
beam.

At 1^.5 MeV i,ts thickness produced an energy loss
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of approximately 45 keV to the center of the target.

The

beam was collimated to a 0.107-inch tantalum collimator
and stopped by an Ortec Model 6103 shielded single beam
stop and it was integrated with a 3rookhaven Model 1000
current integrator.

The emitted protons were detected by

an Ortec Model 200-300 silicon surface barrier detector.
Polyethylene foils between 0.003 and 0.013 inches thick,
were placed in front of the detector to stop the scatter
ed alpha particles.

At the most forward angle, 36°, a

0.001 inch nickel foil was added to a 0.003 polyethylene
foil.

The distance between the target and the detector

was 4 inches.

The half angle subtended by the proton

detector was 3,1°.

Pulses from the detector were ampli

fied by an Ortec Model 190A preamplifier and an Ortec
Model 485 amplifier, and recorded by a Nuclear Data Model
2200 multichannel analyzer.
All angular distribution data were obtained as exci
tation functions at the laboratory angles 36°, 62.3°.
78.3°. 90.5°. 96.8°, 110.7°, 126.8° and 170° over the
energy range 13 to 15 MeV.

Most of these angles corres

pond to the same center of mass angles used for the (of,n)
measurements at 14.5 MeV alpha-particle energy.

Moreover,

two excitation functions were taken at 46° and 152.4°
laboratory angle from 13 to 16.5 MeV,

Due to the pre

sence of hydrogen nuclei in the target, measurements at
angles less than J6° were not possible.
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The number of protons detected was determined by
integrating the counts over the proton peak and then sub
tracting a suitable background.

The background was ob

tained by adding up the counts over a similar number of
channels spread out on both side of the proton peak.

At

36° in the laboratory system, the proton group from the
12

C(c<,p) reaction was not completely resolved from the

proton group due to the hydrogen nuclei.

Here the counts

for the proton peak was determined by assuming that the
overlap tails of these groups were about the same.
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RESULTS
Excitation Functions
Differential cross section curves from 13 to 16 MeV
are shown in Figure 1 for the *^C(o(,p)^N and ^C(o<tn ) ^ 0
reactions at about 55° c.m. and at about 158° c.m..

The

data were taken in energy steps of about 65 keV except
over the 14 MeV and 14.6 MeV resonances where smaller
energy steps were taken.

The errors for the (o(,p) curves

are about the size of the data points or smaller unless
shown otherwise.

For the (c/,n) curves, only a few typi

cal error bars are given.

The errors shown include the

statistical uncertainty and the uncertainty in the back
ground subtraction.
the data points.

The curves are drawn by eye through

An (cC,p) excitation curve from about

13 to 15 MeV for a laboratory angle of 111° is shown in
Figure 2.

At this angle the effect of nearby resonances

on the shape of the 14.0 MeV resonance is small.
For a fixed laboratory angle the center of mass an
gle of the reaction is a function of the incident alpha26
particle energy.
For the excitation functions shown
here the change in the c.m. angle is about 1° for the
(of.p) reaction and 5° for the («<tn) reaction.

20
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Figure 1.

Differential cross section excitation func

tions for the 12C(o^,po )1^N and 12C(of,n0 }1^0 reactions at
a backward angle. The laboratory angles were chosen such
that the center of mass angles are nearly equal. The
angles in the center of mass system are ~55° and ~158°.
Statistical errors are smaller than the size of the
points unless otherwise indicated. The lines are drawn
through the experimental points.
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Figure 2,

Differential cross section excitation func

tions for the 1^C(c/,p0 )1^N at the center of mass angle
~122°. Statistical errors are smaller than the size of
the points unless otherwise indicated. The line is drawn
through the experimental points.
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Angular Distributions
In Figure 3 and Figure 4 are shown angular distri
butions over the resonance at 14,0 MeV in the (o(, p) re
action (17.63 MeV excitation energy in 1^0) and the reso
nance at 14,6 MeV in the (o(,n) reaction (18.10 MeV exci. 16 x
tation energy in
0), respectively. Again, the curves
are drawn by eye through the data points.

The actual or

dinate of each curve is obtained by subtracting the num
ber in parenthesis following the energy from the plotted
ordinate.

Figure 5 compares the angular distributions

for the outgoing protons near the peak of the 14.0 MeV
resonance and for the outgoing neutrons at the peak of
the 14.6 MeV resonance.

The angular distributions for

the outgoing protons at the peaks of the other (tf.p)
resonances, 13.26, 13.71. 14.82 and 15.29 MeV, are shown
in Figure 6.

In Figure 7 is shown the angular distribu

tion of the outgoing protons at 14.6 MeV, i.e., the en
ergy of the strong (<*,n) resonance.

Also shown in this

figure are (cf,p) and (o(,n) angular distributions near
15.1 MeV.
Uncertainties
The factors which contribute substantially to the
error in the absolute value of the (o(,n) cross section
are the target thickness, the long counter efficiency,
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Figure 3. Angular distributions of the 12C(ot,p0 ) N
reaction over the resonance of 17.63 MeV state in *^0.
The ordinate of each curve is obtained by subtracting
the number in parenthesis following the energy. Statis
tical errors are smaller than the size of points unless
otherwise indicated. The curves are drawn through tne
experimental points.
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Figure 4.

Angular distributions of the

12

C(of,n)

1

reaction over the resonance of 18.10 i.IeV state in *^0.
The ordinate of each curve is obtained by subtracting
the number in parenthesis following the energy. Statis
tical errors are shown on some tipical points only. The
curves are drawn through the experimental points.
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Figure 5* Angular distributions of the ^^C(o{lp0 )1^NT
reaction near the center of the 17.63-MeV state in 16C,
and the ^C(oi,n0 )^^Q reaction near the center of the
18.10-MeV state in
0. Statistical errors are shown.
The curves are drawn through the experimental points.
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12

15

Figure 6. Angular distributions of
C(ctf,p0) N reac
tion at the peaks of other proton resonances of 13.26,
13.71. 1^.82 and 15.29-MeV alpha particle energies.
Statistical errors are smaller than the size of the points
unless otherwise indicated. The lines are drawn through
the experimental points.
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Figure 7.

12

15

C(o<,p0) N reaction
12
15
at 14.62 yeV alpha particle energy and of
C(tffp0) N
12

Angular distributions of

15

and
C(of,n0) 0 reactions near 15.1-^eV alpha particle
energy. Statistical errors are smaller than the size of
the points unless otherwise indicated. The curves are
drawn through the experimental points.
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and the background correction.

The uncertainty of each

of these factors was about 15 percent, about 10 percent,
and about 20 percent, respectively.

Since the background

correction usually was less than 20 percent, this correc
tion contributed at most 4 percent to the final error.
Thus the total error in the absolute value of the (e<,n)
cross section is believed to be about -20 percent.
Only the uncertainty in the target thickness contri
butes appreciably to the error of the (o(,p) cross section.
Thus the error in the absolute value of the (o(,p) cross
section is estimated to be about *15 percent.
The relative error of the two reaction cross sec
tions, that is, the ((X,p) cross section relative to the
(<*,n) cross section, is expected to be about -15 percent.
Only the long counter efficiency and background correc
tion uncertainties of the (oc,n) measurements contribute
substantially to this relative error.

Since the targets

used for both the (oC,p) and the (e<,n) measurements were
obtained from the same carbon foil, the contribution of
the foil thickness to this relative error is assumed to
be negligible.
The uncertainty in the energy of the incident alpha
particles is due mainly to the uncertainty in the target
thickness and in the calibration of the analyzing magnet.
The former uncertainty contributes about -7 KeV to the
error of the energy.

The energies presented here were
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determined using a calibration constant for the analyzing
magnet obtained by measuring the Al(p,n) threshold. More
1?
recent measurements using the
C(o(,n) threshold indicate
that these energies are low by about 15 keV, that is,
each of the energies presented in this work should be
corrected by adding 15 keV.

After this correction is

made, then the uncertainty in the magnet calibration at
14,5 MeV is believed to be less than 15 keV.

Therefore

the total error in the alpha-particle energy— after the
15 keV correction is made— is about *15 keV.
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DISCUSSION
In the absence of isospin mixing, excitation func
tions for the mirror reactions at the same center of mass
angles should show the same structure when the penetrabi
lities for the outgoing nucleons are taken into account.
In the present case, because the proton energy in the
center of mass system is larger than the neutron energy,
the penetrabilities for the outgoing protons are larger
than those for the outgoing neutrons (See Table I).
Therefore, for equal reduced widths for proton and neu
tron emission, the cross sections should be larger for
the (of,p) reaction than the (of,n) reaction.

The actual

ratio of the penetrabilities depends on the particular
value (or values) of orbital angular momentum involved.
Figure 1 shows a strong resonance in the (o(,p) re
action near 13*97 MeV (17.63 MeV excitation energy in
16
0) which does not appear in the (c<fn) reaction at both
of 55° and 158° c.m..

Also, the strong resonance near

14.6 MeV (18.10 MeV excitation energy in *^0) in the
(o<,n) reaction does not appear in the (of,p) reaction.
In fact, the (o<,p) cross section has a minimum near 14.6
MeV at both of these angles.

Measurements at five addi

tional angles are in accord with the data shown.

Clear

ly the behavior of the 13.97 and 1^.6-MeV states is not
38
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consistent with conservation of isospin.
As discussed in Chapter II, a pair of states with
the properties shown in Figure 1 can be produced bystrong mixing of a T = 0 state with a T = 1 state which
has the same spin and parity.

This strong mixing could

result from a relatively weak isospin non-conserving in
teraction, e.g., the Coulomb interaction, if the unper
turbed states were nearly degenerate.

The mixing, of

course, would result in a considerable increase in the
energy spacing of the isospin mixed doublet.

If the am

plitudes of the T = 0 and T = 1 components of the two
mixed states are nearly equal, which appears to be the
case here, it is possible for one state to have cons
tructive interference for proton emission and nearly to
tal destructive'interference for neutron emission.

The

other state would then have constructive interference
for neutron emission and nearly total destructive inter
ference for proton emission.
Such an explanation would require both the widths
of the two states to be comparable and the angular dis
tributions for the outgoing nucleons to be similar.

A

quantitative determination of these properties in the
present case is complicated by the high density of
levels in this energy region.

The 17.63 and 18.10-MeV

states are superimposed on different background states.
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In addition, interference effects may be present and
these would probably be different for the two levels.
Nevertheless, qualitative agreement is obtained for
the widths of the two levels.

The width of the 18.10-

MeV level is seen to be -250 keV from Figure 1,

The

width of the 17.63-MeV level can best be obtained from
the excitation function at 1110 shown in Figure 2 and is
seen to be about 180 keV.
Also, qualitative agreement is obtained for the an
gular distributions.

Figure 5 compares the angular dis

tributions for the outgoing protons from the 17.63-MeV
level and the outgoing neutrons from the 18.10-MeV le
vel.

Figure 3 and k show that these two curves, which

are near the centers of the resonances, are representa
tive of the shapes over the resonances.

It can be seen

from Figure 5 that the shapes are very similar.

Fur

thermore, there is evidence that the quantitative dif
ferences, e. g., the higher (<*,p) cross sections at for
ward angles and the higher (o<,n) cross sections near
100°, are produced by the background contributions.

The

proton angular distribution shown in Figure 5 is influ
enced strongly at forward angles by the high energy tail
of the resonance near 13.71 MeV.

This resonance has an

angular distribution which increases markedly as one goes
from 120° to 45°, as shown in Figure 6.

The higher mini

mum in the (of,n) cross section shown in Figure 5 may re
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suit from background due to the presence of one or more
nearby resonances which have not been resolved from the
14.6-MeV resonance.

One might expect to observe this

background in the (o<,p) reaction near 14.6 :»leV.

It can

be seen from Figure 7 that such a background is indeed
present.
It should be noted that the shapes of the angular
distributions at the other resonances in the energy
range investigated, shown in Figure 6, are different
from each other and those shown in Figure 5.

Therefore,

it appears highly improbable that the similarity in
shape for the angular distributions shown in Figure 5
is accidental.
Finally, one might expect the isospin mixing to be
small at energies away from the 13.97-MeV and 14.6-MeV
resonances.

The (crt.p) and (o(,n) angular distribution

at a given energy would then be similar.

Figure 7 shows

that this is in fact the case at about 15.1 MeV.
Additional information about the properties of the
17.63 and 18.10-MeV *^0 states may be obtained by consi
dering the excited states of ^N, the T = +1 analogue of
l60.

If these *^0 states do indeed arise from the mix

ing of a T = 0 and a T = 1 state, the analogue T = 1
state should occur in

(and ^F).

This

analogue

state and the doublet members of *^0 would of course
have the same spin and parity.

The excitation energy of
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^2

this

state should be equal to the excitation energy

of the T = 1 unperturbed *^0 state minus 12,83 - 0,02
MeV, the isobaric mass difference*^ between *^0 and ^N.
It is reasonable to assume that the total width of this
state should be comparable"*” to the total width of
16
the unperturbed T = 1 state of
0 and therefore to the
total width of each of the doublet members.

28

If it is assumed that the two unperturbed

16

0 states

are degenerate, the energy of the T = 1 unperturbed *^0
state would be 17.86 MeV (See Squestion (11)).
expected state of

Thus the

should occur at an excitation ener

gy of about 5»°3 MeV and should have a width of about
200 keV.
Three levels of

N which have approximately the
29
correct energy and width are known.
Each will be dis
cussed in turn.
1.

^-.725-MeV excitation energy:

This state has a

width of 290 ± 30 keV and has been assigned a spin and
parity of l” by Hewka et. al..

However, an assignment of

= 1" for the 17.63 and 18.10-MeV levels of ^ 0 does
not appear to be compatible with existing 1^0(^,n)1^0

+The arguments that follow are based on the assump
tion the fct < V y\ (or fp ) and thus the neutron width (pro
ton width) has approximately the same magnitude as total
width. This assumption seems reasonable since there is
no clear evidence for either member of the doublet in the
12C(ri,oO reaction.
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and

15 , j
30,31.32
N(p,#0 ) 0 data.

The selection rules for

electric dipole transitions are a t = 1 and AJ = l with a
21 3 3
16
15
change of parity. ’
Thus, the O(j’.n) 0 reaction
should resonate at 18.10-MeV state where the neutron
partial width is large, and the

(p,

)1^0 reaction

should resonate at the 17.63-MeV state where the proton
width is large.
ing data.

Neither resonance is shown by the exist

If the spin and parity of this

level are

indeed 1”, it seems unlikely that this state is the de
sired one.
2.

^-.77^-MeV excitation energy:

This state has a

width of 59 - 8 keV and tentative spin and parity assign+
29
+
ments of (1,2,3) by Hewka et. al.
and (1,2) by
34
Sikkema.
Since only natural parity states can be ob
served in the present work, this state could be the de
sired 1^N analogue state only if
3.

= 2+ .

5.305-MeV excitation energy:

This state has a

width of 260 i 30 keV and tentative spin and parity as
signments of 2“ by Hewka et. al. and of (2,3)+ by
Sikkema.

The former assignment is based in part on model

dependent arguments.
ed for only if

This state would be the one search

= 2+ .

Thus, either the ^,774-MeV or 5»305-MeV state of l6N
may be the expected analogue of T = 1 unperturbed 1^0
state.

If the

of the 5«305-MeV state proves to be Z~

R eproduced with permission of the copyright owner. Further reproduction prohibited without permission.

as suggested by Hewka et. al. then, of these two states,
the 4.77^-MeV 1^N state is the only possible candidate.
It should be noted that a J

*TT of 2^

for the unperturbed

T = 1 state of *^0 is consistent with the available data
on the ^0(tf,n)^0 and *^N(p, 2fo ) ^ 0 reactions and the
existing data regarding excited states of ^N.
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